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Introduction and background
===========================

Increasing global temperatures, brought on by global climate change, are leading to an increased incidence of heat-related illnesses \[[@REF1]\]⁠. Heat-related illnesses, an ancient range of extreme heat-related conditions, include heatstroke, heat exhaustion, heat cramps and heat rash \[[@REF2]\]⁠. Heatstroke (HS), defined as an elevated core body temperature above 40°C accompanied by neurological dysfunction (e.g. confusion, disorientation, seizure and coma), is the most severe and life-threatening condition in the spectrum of heat-related illnesses \[[@REF3]\]⁠. Although commonly associated with physical exertion, heatstroke is divided into two subtypes, 1) exertional heatstroke (EHS) and 2) classic non-exertional heatstroke (NEHS) \[[@REF3]\]⁠. EHS often occurs in young adults participating in strenuous physical activities in hot environments, whereas NEHS commonly affects the elderly with underlying chronic health conditions or very young children \[[@REF1]\]⁠. Both EHS and NEHS are preventable, and early diagnosis and rapid initiation of cooling can reduce mortality from approximately 80% to 10% \[[@REF4],[@REF5]\]. Studies have shown that with rapid diagnosis and management, patients return to healthy organ function, as determined by clinical and biological markers of organ function \[[@REF6]\]⁠. Altered sensorium (a sign of organ dysfunction) is the defining characteristic of heatstroke and differentiates it from heat exhaustion, which presents with hyperthermia without neurological dysfunction \[[@REF3]\]⁠. Multiple organ dysfunction has been reported in heatstroke patients, leading Bouchama et al. to suggest an alternative HS definition, "It is a form of hyperthermia associated with a systemic inflammatory response leading to a syndrome of multi-organ dysfunction in which encephalopathy predominates" \[[@REF3]\]. The combination of heat cytotoxicity and the body's inflammatory and coagulation pathways response leads to multiple organ dysfunction, including encephalopathy, rhabdomyolysis, acute kidney injury, hepatic injury, circulatory failure, cardiac injury and disseminated intravascular coagulopathy (DIC) \[[@REF3]\]⁠. In a recent review of persistent neurological impairment in HS patients, Lawton et al. found cerebellar dysfunction in 35% of survivors, consisting of cerebellar dysarthria and ataxia, with some patients in a coma for up to two years \[[@REF7]\]⁠. A decrease in functional status at two years follow up, resulting in the need for elderly institution care, has also been reported in NEHS patients \[[@REF8]\]⁠. These outcomes are in line with other studies that have also shown that the cerebellum is particularly susceptible to heat cytotoxicity leading to permanent damage \[[@REF7],[@REF9]\]. Myocardial dysfunction in HS hospitalized patients has been reported, with elevated cardiac troponin levels representing myocardial damage \[[@REF10]-[@REF13]\]. The myocardial dysfunction has ranged from transient stress-induced cardiomyopathy with Takotsubo-like left ventricular dilation to ischaemic heart disease resulting from increased myocardial oxygen demand in the setting of reduced myocardial perfusion \[[@REF11],[@REF12]\]⁠. With these cardiovascular dysfunction events and persistent neurological and hepatic impairments in mind, it raises the question of whether HS pathophysiology similarly presents with long-term cardiovascular diseases in HS patients. Unfortunately, few studies have looked into long-term cardiovascular events in patients with heatstroke history documented by previous hospitalization. Although advancing medical knowledge continues to lower in-hospital deaths and post-HS sequelae, the discovery of all possible sequelae will further improve HS outcomes \[[@REF14]\]. So, determining whether a link between HS and subsequent cardiovascular disease (CVD) exists opens up discussions and optimizes healthcare provision in patients with heat-related illness history. Decision making in determining when it is safe to return to duty (in the military) or play (in athletes) after EHS also remains contentious \[[@REF6]\]. Shedding light on underlying pathophysiological cardiac processes undetectable in current "Return To Play Heat Tolerance Testing" will optimize this decision-making process, and subsequent medical follow up \[[@REF6],[@REF15]\]. In this literature review, we will aim to prove the association of heatstroke and delayed cardiovascular diseases, including a look at the possible underlying pathophysiology.

Review
======

Methods and results

A literature search was conducted in Pubmed, Web of Science and Scopus from inception through June 2020. The search terms "heat stroke", "heatstroke", "heat illness" and "cardiovascular disease\*", "ischemic heart disease", "heart failure", "early death" were used, with no filters on sex, age, or language applied. Our keyword searches found 75 results in Pubmed, seven results in Web of Science and 237 results in Scopus. Titles and abstracts of all 319 results were independently reviewed for relevance, and a total of 315 research papers were excluded due to the removal of duplicates and lack of outcomes of interest, i.e., cardiovascular disease, ischemic heart disease (IHD), heart failure (HF) or early death. Three relevant human studies were included in this review (Table [1](#TAB1){ref-type="table"}), in addition to one animal study investigating delayed myocardial metabolic dysfunction in mice post-EHS \[[@REF16]-[@REF19]\].

###### Characteristics of Heatstroke Human Studies Included in Review

HS: heatstroke; C: control; SD: standard deviation; N/A: not applicable.

\* Total follow up duration (mean follow up not available).

  --------------------------------- ------------------------ --------------- ------------------ -------------------------------------- ---------------------- ---------- --------------- ------------ ------- -------
  Study                             Study Type               Sample size     Matched controls   Mean Follow-up duration (Years ± SD)   Number of Events (%)                                                   
  All Cardiovascular Diseases       Ischemic Heart Disease   Heart Failure                                                                                                                                    
  HS                                C                        HS              C                  HS                                     C                                                                      
  Wallace et al. \[[@REF16]\]       Retrospective cohort     3,971           17,233             14.4 ± 7.2                             25 (23)                128 (22)   8 (7)           35 (6)       N/A     N/A  
  Tseng et al. \[[@REF17]\]         Retrospective cohort     628             1256               11.89± 13.32                           N/A                    N/A        194 (31)        186 (15)     N/A     N/A
  Wang et al. \[[@REF18]\]          Retrospective cohort     150             150                14\*                                   49 (33)                25 (17)    15 (10)         10 (7)       5 (3)   3 (2)
  --------------------------------- ------------------------ --------------- ------------------ -------------------------------------- ---------------------- ---------- --------------- ------------ ------- -------

Delayed cardiovascular diseases in heatstroke patients

Despite the full recovery of all organ functions within weeks, the cell damage done during a heatstroke (HS) event in the majority of heatstroke patients has the potential to induce disease later in life. This is especially true in the cardiovascular system. In the oldest and largest observational study, 3971 matched heatstroke patients were followed over 30 years \[[@REF16]\]. Wallace et al. found that heatstroke patients had a 1.8 fold increased risk of all CVDs compared to matched non-heatstroke patients \[[@REF16]\]. Wang et al. confirmed this association with a 3.9 fold increased risk of cardiovascular incidence in a cohort of patients followed for 14 years \[[@REF18]\]. When compared to patients with other heat-related illnesses, heatstroke patients maintained a 1.5 fold increased risk of cardiovascular disease \[[@REF17]\]. Furthermore, time to onset of CVD was 1.5 years earlier in the HS group than in the control group, and the average age of CVD onset or death was on average three years earlier in the HS group \[[@REF16]-[@REF18]\]⁠. Based on these study results, a history of heatstroke increases the risk of developing cardiovascular disease later in life. Ischemic heart disease and heart failure, the two most common CVDs in post-HS patients, share similar pathophysiological processes and ischemic heart disease is one of the leading causes of heart failure \[[@REF20]\]⁠. Laitano et al. investigated the increased risk of subsequent CVD in this population in an animal study in which they found delayed metabolic dysfunction, suggesting that HS does indeed cause delayed onset of potential pathophysiological processes leading to cardiovascular dysfunction \[[@REF19]\]. Laitano et al. discovered various metabolic disorders including 1) accumulation of fatty acids and their reactive metabolites, ceramide and diacylglycerol (DAG), 2) glycolytic and tricarboxylic acid (TCA) pathway disturbances, 3) increased oxidative stress, and 4) extensive inflammation in myocardial cells \[[@REF19]\]⁠. Upon reviewing the literature, we found an increased risk of CVD in patients with a history of heatstroke, developing after initial recovery, as shown in Figure [1](#FIG1){ref-type="fig"} \[[@REF16]-[@REF18]\]. Given the differences in incidence (Figure [1](#FIG1){ref-type="fig"}) and underlying pathophysiology (Figure [2](#FIG2){ref-type="fig"}) of IHD and heart failure, we will look at the two conditions separately.

![Risk of cardiovascular disease in heatstroke patients\
\*P \< 0.05, \*\*P \< 0.001, \*\*\*P = 0.001](cureus-0012-00000009595-i01){#FIG1}

![Potential pathophysiological mechanisms of cardiovascular diseases In heatstroke patients\
Note: Schematic showing the potential pathophysiological mechanisms of a) ischemic heart disease and b) heart failure in heatstroke patients.](cureus-0012-00000009595-i02){#FIG2}

Delayed ischemic heart disease in heatstroke patients

Ischemic heart disease, also known as coronary artery disease, is caused by an increased myocardial oxygen demand in the setting of reduced cardiac blood flow \[[@REF21]\]⁠. Multi-organ failure during HS episodes can sometimes lead to ischemic heart disease in the form of ST-elevation myocardial infarction or stress-induced cardiomyopathy \[[@REF10]-[@REF12]\]. As discussed earlier, HS patients have a markedly elevated CVD risk. In a 30-year study of 3917 matched HS patients, Wallace et al. discovered a 2.3 fold increased risk of IHD in HS patients compared to their matched controls \[[@REF16]\]⁠. Similarly, in more recent 13- and 14-year observational studies of HS patients, HS history increased the risk of developing IHD 3.5 fold (P \< 0.001) and 3.1 fold (P = 0.003), respectively \[[@REF17],[@REF18]\]. When looking specifically at acute myocardial infarction (AMI), HS-associated risk of AMI was slightly decreased at 2.7 fold compared to matched controls \[[@REF18]\]. The studies mentioned above demonstrate that HS is associated with an elevated risk of IHD. An animal study revealing delayed metabolic dysfunction in EHS mice may explain the delayed onset of IHD \[[@REF19]\]. Laitano et al. found evidence of global myocardial altered metabolism resulting in glycolytic and TCA pathway disturbances, accumulation of free fatty acids (FFAs) and their reactive metabolites, i.e. ceramides and DAG, and elevation of gut microbiota-derived trimethylamine N-oxide (TMAO) \[[@REF19]\]. Accumulation of FFAs, ceramides and DAG, as a result of heat cytotoxicity and altered metabolism, are linked to mitochondrial dysfunction, cardiomyocyte lipotoxicity and endothelial dysfunction \[[@REF19],[@REF22]-[@REF25]\]⁠. These oxidative processes play a role in atherosclerotic plaque formation leading to IHD \[[@REF24],[@REF25]\]. Another possible mechanism of IHD in EHS patients is the role of gut microbiota-derived metabolite TMAO \[[@REF26]-[@REF29]\]⁠. In the animal study, TMAO had a biphasic response, rising early (0.5 hours post-EHS) before returning to baseline at three days post-EHS and subsequently rising over the 14 days \[[@REF19]\]⁠. Interestingly, in what is known as the "gastrointestinal paradigm of EHS", studies have shown that EHS disrupts the gastrointestinal barrier, leading to leakage of gut microbiota and its accompanying metabolites into the circulatory system \[[@REF26]\]⁠. TMAO, a gut microbiota-derived metabolite, not only increases platelet reactivity and thrombosis, but it is also involved in vascular endothelial dysfunction, resulting in atherosclerosis \[[@REF26],[@REF27]\]. Elevated TMAO levels also have prognostic value in acute coronary artery syndrome (ACS) patients predicting short- and long-term ACS events \[[@REF28],[@REF29]\]⁠. Lastly, heat shock proteins (HSPs), especially HSP70, are a group of molecular chaperones expressed in response to heat stress to protect against heat cytotoxicity and organ damage \[[@REF30],[@REF31]\]. Unfortunately, overexpression of HSP70 has an anti-cytoprotective role and may result in pro-inflammatory and autoimmune responses which play a role in atherosclerosis \[[@REF32]\].

An interesting secondary observation was the significantly higher risk of IHD in female HS patients (8.4 fold) compared to their male counterparts (2.9 fold) (P \< 0.001) \[[@REF17]\]⁠. Similar results were found in female mice in the later stages of recovery post-EHS, with significantly pronounced metabolic dysfunction and histological changes as compared to male mice post-EHS \[[@REF19]\]. Whether this association is due to chance alone requires further investigation as other human observational studies have been heavily male-dominant \[[@REF16],[@REF18]\]⁠. Upon reviewing the literature, we found an increased risk in the development of IHD post-HS, as shown in Figure [1B](#FIG1){ref-type="fig"}. The mechanisms mentioned above (Figure [2A](#FIG2){ref-type="fig"}) provide probable, but not definitive, IHD mechanisms to support the significantly increased risk of IHD in patients with a history of HS. The increased risk of developing ischemic heart disease in heatstroke patients warrants further evaluation with larger, higher power studies alongside animal models to further understand the underlying disease-causing mechanisms.

Delayed heart failure in heatstroke patients

Heart failure, the second most common CVD in HS patients, is considered a global pandemic due to its high incidence and high mortality \[[@REF33]\]. Studies looking at HF as an independent endpoint are minimal. However, we found that in a 14-year follow up observational study, heart failure had a 26 fold increased risk in HS patients compared to matched controls (p = 0.06) (Figure [1C](#FIG1){ref-type="fig"}) \[[@REF18]\]. This non-statistically significant result might be due to a small number of incidents. So an adequately powered study with a large enough sample size is needed to confirm the elevated risk statistically. Given the increased risk of all CVDs (3.9 fold increase), IHD (3.1 fold increase), AMI (2.7 fold increase), and atrial fibrillation (AF) (14.9 fold increase) in this study, there is probably an elevated risk of HF-maybe not at such a high value \[[@REF18]\]. Cardiomyocytes exhibit limited proliferation capacity and cell turnover making the heart extremely vulnerable to oxidative stress. In an animal study on delayed myocardial metabolic dysfunction, Laitano et al. found evidence of altered myocardial metabolism resulting in glycolytic and TCA pathway disturbances, accumulation of FFAs and their reactive metabolites, i.e., ceramides and DAG, elevation of gut microbiota-derived TMAO, and other oxidative metabolites, e.g., 4-hydroxy-nonenal glutathione-a glutathione-adduct of 4-hydroxy-nonenal (4-HNE) \[[@REF19]\]. Despite mostly returning to baseline levels by day three, the levels later rose significantly (day 9-14) \[[@REF19]\]⁠. In addition, the myocardial tissue biopsy revealed key histological differences with increased signs of inflammation in the EHS hearts \[[@REF19]\]⁠. Myocardial accumulation of FFAs, ceramides and DAG is not only linked to atherosclerotic plaque formation but is also involved in the development of myocardial fibrosis, apoptosis and decreased contractility leading to cardiac dysfunction \[[@REF22],[@REF23],[@REF25],[@REF34]-[@REF36]\]⁠. Ceramides have also been shown to induce insulin resistance: a leading etiological factor of diabetic cardiomyopathy \[[@REF37]\]⁠. Glycolytic and TCA pathway disturbances documented in myocardial studies by Laitano et al. are a result of and a cause of mitochondrial dysfunction, implicated in cardiac dysfunction leading to HF \[[@REF19],[@REF38]\]⁠. Recent evidence revealed that low concentrations of 4-HNE (a highly toxic oxidation product) have a cytoprotective effect. However, when exposed to elevated levels of aldehydes (e.g., 4-HNE), functional myocardial consequences ensue, resulting in HF \[[@REF38]\]⁠.

Another possible mechanism of HF in HS patients is the role of gut microbiota-derived metabolite TMAO \[[@REF26],[@REF39]-[@REF41]\]. In the EHS animal study, TMAO had a biphasic response, rising early (0.5 hours post-EHS) before returning to baseline at three days post-EHS and subsequently rising later over the 14 days \[[@REF19]\]⁠. As stated earlier, studies have shown that EHS disrupts the gastrointestinal barrier, leading to leakage of gut microbiota and its accompanying metabolites into the circulatory system \[[@REF26]\]. Despite playing a proatherogenic role in IHD, elevated TMAO contributes to myocardial fibrosis, ventricular remodeling and dysfunction \[[@REF39],[@REF40]\]⁠. Further, TMAO levels are strongly associated with major adverse cardiovascular events in HF patients \[[@REF41]\]⁠. Finally, cardiovascular dysfunction is a common occurrence during an HS event \[[@REF3]\]. Takotsubo-like stress-induced cardiomyopathy cases, one of the manifestations of cardiovascular dysfunction, have been reported in HS patients \[[@REF12],[@REF13]\]⁠. However, despite complete resolution of this transient cardiomyopathy, myocardial fatty acid metabolism (which is severely impaired during the event) shows sustained impairment, and as noted earlier, FFA accumulation leads to the development of HF \[[@REF11]\]⁠. Figure [2B](#FIG2){ref-type="fig"} summarises the pathophysiological pathways leading to HF in this population. The animal study alongside the non-statistically significant increased heart failure risk suggests that the risk is highly probable and not down to chance alone. However, the non-statistically significant increased heart failure risk warrants further studies to confirm or reject the risk.

The global picture

To our knowledge, this is the first review of its kind. Based on our findings, despite often presenting with acute cardiac dysfunction, heatstroke is associated with the development of cardiovascular diseases long after the initial clinical recovery phase. These findings then raise multiple questions: 1) How soon after a heatstroke event does the myocardial damage manifest clinically? 2) Is this occurrence of cardiovascular disease frequent enough to warrant post-EHS cardiac screening in this population? 3) Does rapid and effective cooling decrease the risk? and 4) Is further delaying the return to action necessary in athletes and military? As our planet's temperature continues to rise, heat waves are becoming more frequent, leading to an increased incidence of heat-related illnesses in our vulnerable populations, namely, athletes, military, outdoor manual workers, elderly, and young children. Larger, more adequately powered prospective cohort studies with cardiovascular disease as an outcome, in tandem with animal studies examining the underlying pathophysiology are required to confirm or reject these findings and answer the proposed questions.

Limitations

Although the included studies excluded patients with previous cardiovascular disease and employed adjusted hazard ratios, our review exhibited some limitations. Firstly, only a small number of studies looking directly at long-term cardiovascular outcomes have been conducted. To counter this, our review included observational studies with large sample sizes followed over more than a decade. The animal study used to investigate potential pathophysiological pathways included mice observed for only 14 days post-EHS \[[@REF19]\]. Compared to the onset of cardiovascular disease in our observational studies, 14 days is a relatively short period. However, at that period the mice had returned to regular activity, so when extrapolated to humans, this would coincide with the return to play (for athletes) and return to duty (for military) phase when HS patients are deemed clinically fully recovered \[[@REF6],[@REF19]\]⁠. Another limitation of our study was the inclusion of retrospective cohort studies. As opposed to prospective studies, retrospective cohorts are potentially subject to unaccounted confounders such as health-related lifestyle factors and family history.

Conclusions
===========

Heatstroke, the most severe and life-threatening heat-related illness, often presents with multi-organ failure, returning to healthy organ function within days to weeks. In this review, we set out to understand whether heatstroke is associated with delayed cardiovascular disease occurring long after full recovery. We found that a history of heatstroke is associated with an increased risk of cardiovascular diseases including ischemic heart disease, heart failure and atrial fibrillation. Based on previous research, we know that certain delayed metabolic disturbances occurring in EHS mice are linked to the formation of atherosclerosis and the development of heart failure. These processes provide potential pathophysiological pathways leading to the development of ischemic heart disease and heart failure in this population. These findings may massively impact our understanding of heatstroke recovery and the follow up of heatstroke patients. Therefore, larger, more adequately powered prospective cohort studies with cardiovascular disease as an outcome, in tandem with animal studies examining the underlying pathophysiology, are required to confirm or reject these findings and answer the proposed questions.
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